We apply the jet model developed in the preceding paper of Zdziarski et al. to the hardstate emission spectra of Cyg X-1. We augment the model for the analytical treatment of the particle evolution beyond the energy dissipation region, and allow for various forms of the acceleration rate. We calculate the resulting electron and emission spectra as functions of the jet height, along with the emission spectra integrated over the outflow. The model accounts well for the observed radio, infrared, and GeV fluxes of the source, although the available data do not provide unique constraints on the model free parameters. The contribution of the jet emission in the UV-to-X-ray range turns out to be in all the cases negligible compared to the radiative output of the accretion component. Nevertheless, we find out that it is possible to account for the observed flux of Cyg X-1 at MeV energies by synchrotron jet emission, in accord with the recent claims of the detection of strong linear polarization of the source in that range, but only assuming a very efficient particle acceleration leading to the formation of flat electron spectra, and jet magnetic fields much above the equipartition level.
INTRODUCTION
Upper limits on the flux from Cyg X-1 at photon energies > 30 MeV and a detection of 0.1-10 GeV emission in the hard spectral state of Cyg X-1 have recently been reported using the Fermi Large Area Telescope (LAT; Malyshev, Zdziarski & Chernyakova 2013, hereafter MZC13) . Although the detection has a limited statistical significance, it has been confirmed by the independent work of Bodaghee et al. (2013) , who found variable emission using the LAT data in the hard and intermediate states, but not in the soft state. The spectra and upper limits of MZC13 complement the previously known radio-to-hard X-ray spectra of Cyg X-1 in the hard state, e.g., the average one compiled in Zdziarski, Lubiński & Sikora (2012) and shown in Fig. 1 . We apply to these data the jet model developed in Zdziarski et al. (2014) , hereafter Paper I.
We take into account, in particular, the possibility that the MeV tail in the hard state of the source is due to the jet synchrotron emission, as implied by the recent claims of very strong linear polarization in that energy range (Laurent et al. 2011; Jourdain et al. 2012) . We find that the combination of a high flux around MeV energies (if interpreted as synchrotron radiation) and a low flux above 30 MeV requires rather strong jet magnetic field (much above the equipartition level), which is necessary in order to reduce the strength of Compton scattering in high-energy γ-rays.
We note that the statistical significance of the result of Laurent et al. (2011) appears rather low, since the distribution of the azimuthal scattering angle presented in their fig. 2 is independent only up to 180
• . There is also a disagreement regarding the polarization in the 250-400 keV band, which was found weak and consistent with null by Laurent et al. (2011) , whereas Jourdain et al. (2012) found it to be ≃ 50 per cent. In addition, Laurent et al. (2011) found the polarization above 400 keV to be 67 ± 30 per cent compared to the best fit at > 100 per cent in the 370-850 keV band found by Jourdain et al. (2012, see figure 4 therein). The agreement of the polarized fraction with Laurent et al. (2011) at 76 ± 15 per cent claimed by Jourdain et al. (2012) was obtained only by adding the two channels within the 230-850 keV range. The results regarding the 230-370 keV band are thus discrepant between the two papers. Then, in the 370-850 keV band of Jourdain et al. (2012) , the minimum χ 2 appears to be obtained at the polarization fraction of ∼ 150 per cent. If we compare the χ 2 not at this unphysical value but at ∼ 70 per cent polarization (as found by Laurent et al. 2011, consistently with the maximum level of the synchrotron polarization from a power-law electron energy distribution; see Pacholczyk & Swihart 1967) with the χ 2 at null polarization, the resulting ∆χ 2 is about null. Thus, there appears to be no statistical significance of the polarization at that channel. Therefore, we also consider models in which the jet does not account for the MeV tail. The hard-state broad-band spectrum of Cyg X-1 shown together with our jet models (a) 1 and (b) 2. Fluxes in the radio/mm range from Fender et al. (2000) , along with the total IR fluxes (Persi et al. 1980; Mirabel et al. 1996) , are denoted with black circles. The IR spectra of the jet component from Rahoui et al. (2011) are given as black curves. Small black squares correspond to the X-ray data points from BeppoSAX (Di Salvo et al. 2001) , and soft γ-ray data points from INTEGRAL IBIS and CGRO COMPTEL (McConnell et al. 2002) . Note that the spectrum below 20 keV represents a typical hard state spectrum of the source (which is absorbed by an intervening medium). Finally, black squares and arrows at high energies denote the detected fluxes and the derived upper limits from Fermi-LAT (30 MeV-0.3 TeV; MZC13) and MAGIC (> 0.1 TeV; Albert et al. 2007 ). The green short-dashed curve corresponds to the stellar blackbody continuum. The dotted cyan curve shows the estimated unabsorbed accretion spectrum. The red solid curves give the model jet synchrotron spectra. The magenta dotted, cyan short-dashed, green long dashed, and blue solid curves illustrate the pair-absorbed SSC, BBC, XC, and the sum of the SSC+BBC+XC jet components, respectively. (a) The model 1 with soft electron injection spectrum (p = 2.5), in which the MeV tail is due to hybrid Comptonization in the accretion flow (cyan dotted curve). (b) The model 2 with hard electron injection spectrum (p = 1.4), in which the observed MeV tail is due to the jet synchrotron emission.
In Section 2, we outline the method applied to model the data, and specify the adopted parameters of Cyg X-1. We extend the model presented in Paper I, however, for the analytical treatment of the particle evolution beyond the energy dissipation region (see Appendix A). Sections 3.1-3.3 give results of the application of our model to the average hard-state spectrum of Cyg X-1. We present here a number of alternative models fitting the data. In Section 3.4, we present two models reproducing the spectrum of the TeV flare detected by MAGIC (Albert et al. 2007 ). We discuss our results in Section 4, and give our conclusions in Section 5.
THE MODEL, PARAMETERS, AND ASSUMPTIONS
We use the same parameters of Cyg X-1 and its jet as those adopted by MZC13, which we list in Table 1 (note that the last four parameters are not independent). The most recent determination of the parameters of the binary is that of Ziółkowski (2014) , who re-examined previous estimates of Ziółkowski (2005) , Caballero-Nieves et al. (2009) and Orosz et al. (2011) . Different than Orosz et al. (2011 ), Ziółkowski (2014 took into account that Cyg X-1 is still in the stable, core H-burning, phase, as evidenced by the observed stability of the period, P, and of the average Xray luminosity (see discussions in Ziółkowski 2005 Ziółkowski , 2014 . This implies a tight correlation between the mass and the luminosity, which is violated by the best fit of Orosz et al. (2011) . Taking it into account, we adopt the black hole mass, M, the donor mass, Table 1 . Parameters of Cyg X-1 adopted in this work. Notes: Parameters of the different models discussed in Sections 3.1-3.3 of this paper, are compared with those of the models 2, 1 presented in MZC13 (denoted here as MZC-1 and MZC-2). In the models 1, 1m, and MZC-1 the MeV tail of Cyg X-1 is assumed to originate in the accretion flow, whereas in the models 2, 2a, 2m, and MZC-2 it is accounted by the jet synchrotron emission. The model 2a is a variant of 2 with the advection taken into account. The models 1m and 2m are variants of models 1 and 2, respectively, with high low-energy cutoff in the electron injection function. The first four listed quantities are the model free parameters, and the remaining ones are the model-derived parameters. The values of σ eq and P B are for tangled magnetic field. Various components of the jet power provided here can be compared to the average hard-state bolometric accretion luminosity of Cyg X-1, lg(L accr ) ≃ 37.3, and the Eddington luminosity, lg(L E ) ≃ 39.3. The units of B, P and R are G, erg s −1 , s −1 , respectively.
M * , radius, r * , the effective temperature, T * , and the binary inclination, i, as given in Table 1 . The distance, D, is of Reid et al. (2011) , the jet velocity (assumed to be constant along the jet), β j , is based on Stirling et al. (2001) , Gleissner et al. (2004) and Malzac, Belmont & Fabian (2009) , and the opening angle, Θ j , is the upper limit of Stirling et al. (2001) . These parameters correspond to the stellar luminosity, L * , the separation between the components, a, the jet bulk Lorentz factor, Γ j , and the gravitational radius, R g , all as given in Table 1 . We assume the jet is perpendicular to the binary plane. The radio structure seen by Very Large Array (VLA) and Very Long Baseline Array (VLBA) at 8.4 GHz extends up to z M ∼ 10 15 cm (Stirling et al. 2001; Rushton 2009; Rushton et al. 2011) . We assume this value as the jet height, which corresponds to z M ≃ 300a, and which also approximately equals the height of the dissipation region in the internal shock model for the hard state of black-hole binaries of Malzac (2013) . The entire emitting jet becomes optically thin above the turnover energy, E t0 . The adopted value of E t0 (Table 1) is based on the results of Rahoui et al. (2011) . The flux in the partially self-absorbed region is normalized to the average hard-state flux at 15 GHz (Table 1) .
Theoretical spectra of the jet emission are calculated using the model developed in Paper I. We take into account all relevant radiative processes. These are synchrotron radiation, synchrotron self-Compton (SSC), and Compton upscattering of stellar blackbody photons (BBC) and of the accretion flow photons (XC). The accretion flow photons are described with a disc and hot inner flow model. The accretion disc is assumed to extend between r in = 5 × 10 7 cm and r out = 2 × 10 11 cm (the exact values of which influence only little our results), and to have the maximum temperature of kT in = 150 eV with the colour correction of f c = 2, based on Shimura & Takahara (1995) . This disc soft X-ray spectrum agrees well with the observed spectrum of Di Salvo et al. (2001) , which is typical for the hard state. At high energies, we use the hybrid Comptonization fit to the INTEGRAL data of Zdziarski et al. (2012) . The resulting model spectrum is shown in Fig. 1 . Its total luminosity is L accr ≃ 2.0 × 10 37 erg s −1 . We use the same notation as Paper I (see Section 2 therein for details). The height along the jet is expressed in units of z m , ξ ≡ z/z m , where z m marks the onset of the energy dissipation within the outflow. The magnetic field strength is B = B 0 (z/z m ) −1 , and the jet is assumed to be conical with the opening angle of Θ j . The minimum electron Lorentz factor, γ, down to which we calculate the steady-state distribution, is assumed to be γ 0 = 2. The electrons are accelerated in the dissipation region, z m ≤ z ≤ z M , and injected with a power-law rate above a minimum Lorentz factor of γ m ,
where g cut (γ, γ M ) describes the high-energy cutoff (see Paper I). Given theoretical uncertainties in the determination of the exact spectral shape of a cut-off in the injection particle distribution Q(γ, z), instead of specifying the g cut (γ, γ M ) function, below we simply assume the super-exponential form of the high-energy cutoff in the corresponding steady-state electron distribution N(γ, z), namely
where γ M (B 0 , z, η acc ) ∝ z 1/2 is given by equations (6) and (5) of Paper I. With the adopted δ-function approximation in the synchrotron emissivity, E/(m e c 2 ) = (B/B cr )γ 2 , the cutoff in the model synchrotron spectra is then exponential, ∝ exp(−E/E M ), where E M is the corresponding photon e-folding energy.
Paper I presented two methods of calculating N(γ, z). In the simpler method, the electron distribution is solved locally including the effect of self-absorption, and electron advection along the jet is neglected, This yields a relatively simple formula for N(γ, z),
The effect of the synchrotron self-absorption, which makesγ(γ, z) itself dependent on N(γ, z), can be taken into account using the approximation of equation (12) of Paper I. The equation for N becomes then a quadratic one, see equation (46) of Paper I. In the other method, electron advection along the jet is taken into account via the continuity equation solved in both electron energy and length along the jet,
whereγ is the total electron energy loss rate. If Klein-Nishina (KN) effects (important in Cyg X-1) are taken into account, this transport equation has to be solved numerically. Also, in such a case there is no simple way to account for self-absorption effects. Given that calculating Compton-scattered spectra averaged over the binary phase and jet length involves additional multi-dimensional integrals (see Paper I), using a numerical solution for N(γ, z) increases substantially the complexity of the calculations and the computation time. However, it has been shown in Paper I that the two solutions are very close to each other for the particular form of Q(γ, z) assumed here (equation 1), i.e., for constant monochromatic power injected per ln z. For adiabatic losses only, the two solutions coincide except around z = z m , at which height the advective solution is assumed to have the null boundary condition. When radiative losses are added, the two solutions converge even faster (see fig.  4 in Paper I). Thus, we use in the present paper the local solution within the dissipation region. Still, in order to quantify the effect of advection, we also discuss the analytical advective solution (equation 40 in Paper I) for the case of dominant synchrotron losses and up to z M . We compare it with our model 2 (Section 3.2), for which synchrotron losses dominate.
On the other hand, the electron advection becomes crucial at z > z M , i.e., above the dissipation region, since the only electrons there are those advected from z ≤ z M . As we found out in our calculations, relativistic electrons at z = z M may still carry a significant fraction of the jet power, P e , comparable to that carried by the other plasma constituents (see Table 1 ). This power is then radiatively and adiabatically lost at z > z M . In order to treat that region, we extend the model described in Paper I for the analytical treatment of the particle evolution beyond the dissipation zone, as presented in Appendix A below. We obtain a very simple formula for N(γ, z > z M ), given by equations (A3-A6).
After specifying the fixed system parameters as given in Table  1 , the six free parameters of a model are η acc , Q 0 , p, z m , B 0 , and γ m , which can be determined using the spectrum observed from Cyg X-1, augmented by theoretical considerations. The dimensionless factor η acc determines E M . We assume here η acc = 0.008, which reproduces the cutoff of the MeV tail of Cyg X-1. We choose the value of either γ m = 2 or 300, which corresponds to a usual single powerlaw injection or that with a low-energy cutoff due to equipartition with ion energy (see the discussion in Paper I). The remaining four parameters can be then determined by four other observables. Here we choose them as the flux at 15 GHz, the turnover energy (Table  1) , and the fluxes at 1 MeV and 1 GeV. The main observational uncertainty is the jet flux at 1 MeV. As discussed in Section 1, the observed MeV flux may or may not be due to synchrotron emission of the jet. If we assume it does, then we specify F(1 MeV) uniquely. If we attribute the MeV tail to some another process (most likely hybrid Comptonization in the accretion flow), then we are free to choose F(1 MeV), as long as it is well below the observed flux. We then follow the solution method outlined in section 6 of in Paper I.
In Table 1 , we list the obtained values of the free parameters except for Q 0 , for which we provide instead both the total rate and the power in the injected electrons, R inj and P inj , given by equations (54) and (55) of Paper I, respectively. Table 1 also gives the Lorentz factor of electrons providing the dominant contribution to the emission at E t0 , γ t0 , and the Lorentz factor at which N(γ, z m ) steepens due to radiative cooling, γ b0 . The electron equipartition parameter, β eq , depends on the pressure of relativistic electrons, which evolves along the outflow due to radiative cooling. Radiative cooling influences also the calculated power carried by relativistic electrons, P e . Thus, we give both quantities at the maximum height of the dissipation region, where they are maximized. The magnetization parameter, σ eq , is the ratio of the magnetic enthalpy to the particle enthalpy. The latter has a major contribution from ions, while in our model only a lower limit on the ion density is provided from the density of relativistic electrons. The ion enthalpy is also proportional to the ion contribution to the jet power, P i . Thus, σ eq and P i parameters in Table 1 correspond to upper and lower limits, respectively. Also, the flux of all the electrons in the jet, R e , may be contributed substantially by cold electrons, and therefore the given value is a lower limit only. Table 1 also gives the jet power in the magnetic field, P B , the components of the radiative power in the synchrotron, P S , and the BBC process, P BBC , and the power lost adiabatically, P ad .
MZC13 have presented jet models of Cyg X-1 neglecting cooling and advection, and instead assuming the electron steadystate distribution to be a single power law with an exponential cutoff; such an approach is commonly used in the literature (see, e.g., Bosch-Ramon, Romero & Paredes 2006). For completeness, we also give the parameters of the models of MZC13 in Table 1 .
We note that an inner part of the counterjet, z < r out / tan i ∼ 10 12 cm, is obscured by the accretion disc. Also, the counterjet emission is de-boosted. Thus, we do not include the synchrotron emission from the counterjet in our model spectra. On the other hand, we take into account the counterjet contribution to the Compton spectra, for which the Compton anisotropy, favouring largeangle scattering, enhances the counterjet contribution. Also, we include the counterjet in calculating components of the system power.
ELECTRON AND EMISSION SPECTRA OF CYG X-1

Soft injection spectrum
We first consider the case with the standard, soft electron injection spectrum, p = 2.5 (corresponding to the spectral index of the uncooled optically-thin synchrotron emission of α = 0.75). With this, we calculate the model spectra (hereafter model 1) shown in Fig. 1(a) , with the parameters given in Table 1 . The obtained value of z m corresponds to the maximum dimensionless height of ξ M ≡ z M /z m ≃ 5.4 × 10 5 . The spectrum around the turnover energy at the jet base is due to the uncooled electrons. In this model, the MeV tail is not produced by the jet, but instead has to be due to a different process, most likely hybrid Comptonization in the accretion flow (McConnell et al. 2002; Poutanen & Vurm 2009; Veledina, Poutanen & Vurm 2011 .
We find that virtually all the observed emission originates from z < z M . Although the electrons still carry a significant power at z M , P e ∼ 0.1P inj in Table 1 , that power is lost at z > z M adiabat- ically, with only ∼ 10 −3 radiated away via the BBC process, which is in part due to the softness of the injected electron distribution.
The electron equipartition parameter is ∼ 10, but since electron energy density is dominated by the lowest energy particles, we can reach β eq ∼ 1 by a moderate increase in γ m (which is very weakly constrained by the observed spectrum). Alternatively, we can obtain β eq ∼ 1 by a slight decrease of p, but then the stronger magnetic field required to reproduce F(1 GeV) would result in γ b0 > γ t0 . This inequality would imply that the synchrotron emission at the turnover is dominated by the cooled electrons, and the emission continuum has no cooling break in its optically-thin part (which, however, is not constrained by observations). The magnetization parameter is very low, and the flow dynamics is dominated by ions. This model accounts well for the 0.1-0.3 and 1-10 GeV fluxes measured with the LAT.
In the model considered, the energy loss rate due to the SSC process,γ SSC , is always much smaller compared to the synchrotron cooling,γ S , and thus this process is negligible for determination of the steady-state electron distribution, N(γ, z). Similarly, the loss rate due to scattering of accretion photons,γ XC is significantly below the total loss rate. Specifically, the global maximum ofγ XC /γ ≃ 0.13 is reached at z = z m for γ ≃ 120. These results are consistent with the spectral components due to the SSC and XC processes being also of minor importance compared to the synchrotron and BBC spectra (see Fig. 1 ). The model 2. The cyan solid, black dotted, green dot-dashed, and blue dashed curves correspond to ξ = 1, 10 1 , 10 2 , 10 3 , respectively. We see a pronounced effect of the synchrotron self-absorption in at low γ and ξ, strongly reducing the synchrotron cooling and increasing N(γ, z) to that with adiabatic cooling only. If radiative cooling were neglected altogether, the ξ 2 γ 2 N(γ, z) distribution would be independent of height for any model.
The solid curve in Fig. 2 shows the ratioγ BBC /γ S as a function of ξ for γ in the Thomson limit (where it is independent of γ). The ratio is initially increasing ∝ ξ 2 since the flux of the stellar radiation is approximately constant along the jet for z ≪ a whereas the magnetic field is decreasing. At ξ ∼ 10 2 , the BBC losses start to dominate the synchrotron ones. Then, for z > ∼ a (ξ > ∼ 1800), the stellar radiation becomes diluted approximately as z −2 , which is the same dependence as for the synchrotron cooling. Thus, theγ BBC /γ S ratio becomes a constant. The dashed curve shows the same ratio in the KN regime calculated for γ = 10 5 . The ratio is now lower, due to the KN reduction ofγ BBC , but the qualitative dependence on ξ is the same. Fig. 3 shows the position of the cooling break Lorentz factor, γ b (see Paper I for details), along the jet (for γ ≤ 10 4 , up to which the Thomson limit applies). We see an approximately flat/inverted part in the range of ξ ∼ 10 2 -3 × 10 3 , which is due to the dominance of the undiluted blackbody cooling in that region. The steady-state electron distribution at four values of ξ is shown in Fig. 4(a) . The distribution at ξ = 10 is dominated by adiabatic cooling at γ < ∼ 10 2 and by synchrotron cooling at γ > ∼ 10 3 . At ξ = 10 3 , we see first the cooling break due to the BBC process, and then a strong increase of N(γ, z) with respect to that of the Thomson approximation (shown by the dot-dashed curve) at γ > ∼ 10 4 , which is due to the KN reduction of the BBC cooling. The KN effect is maximized around this ξ because the synchrotron and adiabatic cooling dominate at lower and higher values of ξ, respectively. At ξ = 10 5 , the cooling is mostly adiabatic. The slight bent at the lowest values of γ is due to the adiabatic loss being linear in the momentum, βγ, rather than γ, equation (8) in Paper I. The distribution at ξ = 10 7 is at ≃ 18z M , and thus consists only of electrons advected from the acceleration region and cooled on the way. Fig. 5(a) shows the contributions to the total synchrotron spectrum from logarithmic height intervals at three values of ξ. The superposition of the partially self-absorbed parts results in the powerlaw slope of the radio continuum of α = 0 below the turnover energy. The bulk of the observed optically thin synchrotron emission is produced around the vicinity of the jet base. Note that the slope of the optically-thin emission changes from mostly cooled one at the jet base to fully uncooled at large heights. The hardening seen We can see that the observed flux at a given frequency has a higher contribution from the optically-thin part (at high z) than from the optically-thick part (at low z). The kinks correspond to z M , and the emission beyond it is from advected electrons. Fig. 1a ) on the total jet height, for ξ M ≡ z M /z m = 10 4 , 10 5 and 10 6 , shown by the green dashed, blue dotted, and red solid curves, respectively. The radio and mm data are also shown.
at E > ∼ 30 keV in the spectrum at ξ = 10 3 is due to the KN reduction of the Compton cooling of the emitting electrons. Fig. 6(a) shows the corresponding vertical profiles of the synchrotron flux at three radio frequencies, which are within the partially self-absorbed part of the spectrum. The dependencies of the fully self-absorbed and optically-thin parts are ∝ z 5/2 and ∝ z
at z < z M , see equation (71) of Paper I. Thus, the optically-thin contribution, emitted by uncooled electrons, dominates the total flux. The kinks in the profiles correspond to z M , and the emission beyond z M is due to electrons advected from the region of z ≤ z M . We see that the maximum of 15 GHz emission occurs at z ≃ 1.7a. This is in a qualitative agreement with the observed strong orbital modulation at that frequency, which is well fitted by wind absorption of the jet emission from z ∼ a (Zdziarski 2012) . We also see the dependence of the height corresponding to the highest contribution of z ∝ ν −1 (Blandford & Königl 1979) . Fig. 7 shows the dependence of the jet synchrotron spectrum on ξ M . There is virtually no effect of ξ M changing from 10 4 to 10 6 on the spectrum at E > ∼ 10 −3 eV. However, the case of ξ M = 10 4 gives the spectrum in the GHz range much below the radio data. This is a consequence of the fact that the transition from optically thick to optically thin part of the spectrum happens around ∼ 8 GHz at ξ ∼ 10 4 ; see Fig. 6(a) . Thus, z M /z m has to be larger than the ratio of the highest to lowest energies in the optically-thick, α ≃ 0, part of the spectrum. Fig. 8(a) shows the BBC spectra from four values of ξ, and Fig. 9 shows the corresponding spatial profiles at 1 GeV and 0.5 TeV. From both figures, we see the BBC emission is dominated by z ∼ 10 3 z m ∼ a. This is in agreement with the linear dependence of the BBC flux on the number of scattering electrons in the undiluted blackbody region, i.e., at z < ∼ a, and the effect of blackbody dilution at higher z.
We then consider the effect of pair absorption on the spectrum. Fig. 10 shows the pair-absorption optical depth, τ γγ as a function of E for three orbital phases, φ b (defined to be 0 at the superior conjunction), and z ≃ a, around which height the high-energy γ-ray emission peaks, as shown above. We see that τ γγ becomes > 1 at E > ∼ 0.2 TeV at the superior conjunction. We note that τ γγ decreases rather fast with z. At E = 0.5 TeV and the superior conjunction, τ γγ ≃ 9.2, 1.6, 1.0, 0.4 for z = 0, a, (4/3)a and 2a, respectively. Also, τ γγ decreases fast with φ b , as shown for z = a by the red dotted curve in Fig. 11 . On the other hand, the unabsorbed BBC component peaks at φ b = 0, due to the Compton anisotropy, shown by the blue dashed curve in Fig. 11 . The black solid curve in Fig.  11 shows the absorbed 0.5 TeV flux, which, for the above value of z, peaks at an intermediate phase.
Hard injection spectrum
Subsequently, we assume that the observed MeV tail is due to the jet synchrotron emission (model 2). The resulting spectra are shown in Fig. 1(b) , and the parameters of the model are given in Table 1 . In this model, the injection electron distribution is very flat, and the magnetic field energy density is significantly above the equipartition level. The synchrotron continuum above the turnover energy is due to the cooled electrons, γ b0 ≪ γ t0 . Consequently, the opticallythick part is strongly affected by the height-dependent cooling, resulting in the effective synchrotron spectrum α > 0 in the radio- Figure 12 . The hard-state broad-band spectrum of Cyg X-1 with the model 1m pair-absorbed jet spectra. See Fig. 1 for the description of the data points and the color-coding of model curves. Figure 11 . The orbital-phase dependence of emission and absorption at 0.5 TeV. The blue dashed curve shows the normalized profile of the BBC flux for model 1, which peaks at the superior conjunction due to the anisotropy of Compton scattering. The red dotted curve shows the pair-production attenuation at z = a, which is also strongest at the superior conjunction. The black solid curve shows the BBC flux observed from this z (the product of the two functions).
to-IR range. Also, we see the model does not account well for the 0.1-0.3 GeV flux measured with the LAT (MZC13). In this model, very little of the observed emission originates from z > z M . The electron power, P e (z M ) ∼ 0.1P inj , is lost mostly adiabatically at z > z M , as in model 1. There is now a substantial contribution to the total BBC power (≃ 35 per cent) from z > z M . However, the corresponding contribution to the observed BBC spectrum is small because most of the jet BBC emission is directed back to the star due to the Compton anisotropy. On the other hand, there is a larger contribution from the counterjet, but it is relativistically de-boosted.
The steady-state electron distribution at four values of ξ is shown in Fig. 4(b) . The KN effects are not important here, because of the dominance of the synchrotron cooling. On the other hand, we see a strong effect of the synchrotron self-absorption at low values of γ and ξ, which reduces the synchrotron cooling and increases N(γ, z) over that corresponding to the adiabatic cooling only. However, this happens at rather low values of γ, and it does not affect optically-thin synchrotron and Compton spectra. The optically-thick synchrotron spectrum is not affected either as it is approximately independent of N(γ, z); see equation (67) in Paper I. At γ ≫ γ t0 , the distributions are entirely cooled at ξ < ∼ 10 2 , but become partly uncooled at higher ξ. The cooled, high-energy segments of the electron distributions follow z 2 N(γ, z) ∝ z scaling (proportional to the electron number per unit height; see equations 48-49 of Paper I). Fig. 5(b) shows the contributions to the total synchrotron spectrum from logarithmic height intervals at increasing ξ. We see that the highest ξ dominate at E > ∼ 1 eV. This is a consequence of the assumed form of Q(γ, z), which, for p < 2, yields a slightly increasing integrated injected power per ln z (Paper I). Fig. 6(b) shows the corresponding vertical profiles of the synchrotron flux at three radio frequencies, dominated by the emission of uncooled electrons. The slopes at z ≤ z M follow the same formulae as model 1, see above. However, the emission peaks at z a factor of ≃ 2 higher, which requires then a higher wind density than in model 1 in order to account for the observed orbital modulation (Zdziarski 2012) . Fig. 8(b) shows the contributions to the total BBC spectra from logarithmic height intervals at increasing ξ. We see that the region at z ∼ 2a (ξ ∼ 10 4 ) dominates the BBC emission. Some offset to higher z with respect to model 1 is a consequence of z 2 N(γ, z) ∝ z scaling in the model 2, which favours scattering in the highest parts of the jet.
We also comment here on the full advective solution for N (γ, z) . We use now the electron distribution of equation (40) of Paper I, giving the analytical advective solution for the case with the dominant synchrotron losses, instead of the local-cooling solution (45). The advective solution does not take into account the influence of self-absorption on N(γ, z), which effect is, however, weak (see above). We find the effect of advection on the resulting electron and emission spectra is rather minor. Although N(γ, z = z m ) ≡ 0 for this solution, the electron density reaches the cooled form rather quickly. In particular, the height at which the self-absorption optical depth is maximized is ξ τ ≃ 1.028, i.e., almost equal to ξ τ = 1 Figure 13 . The simultaneous INTEGRAL/MAGIC X-ray-to-γ-ray flare spectrum together with the flare observed by AGILE at a different time. The solid curves show the soft injection (pair-absorbed) model spectra associated with an increase of Q(γ), as described in Section 3.4. The cyan dotted curve shows the e-folded power-law fit of Malzac et al. (2008) .
of local-cooling models. Table 1 lists the parameters of this model, denoted there as 2a. We see these are virtually identical to the corresponding parameters of the local model 2. This confirms one of the main results of Paper I, namely that the effect of advection is minor for the Q(γ, ξ) ∝ ξ −3 type injection rate in conical jets.
Low-energy electron cut-off
Finally, we comment on the high low-energy cut-off in the electron injection function, corresponding to the minimum Lorentz factor of the accelerated electrons of γ m = 300 (see Paper I). We have calculated models 1m and 2m, analogous to the previously discussed models 1 and 2, respectively. The corresponding model parameters are given in Table 1 . Fig. 12 presents the resulting model 1m spectra (the spectrum of the model 2m is rather similar to that shown in Fig. 1b , as can be inferred from Table 1 ). Contributions to the synchrotron spectrum from several values of ξ for the model 1m are shown in Fig. 5(c) . Similarly to model 2, models 1m and 2m do not show any distinct break at the turnover energy; also the contributions to the observed spectra from z > z M are negligible, similarly to the cases of models 1 and 2.
The MAGIC flare
As we see in Fig. 11 , the BBC flux is strongest at the superior conjunction, due to the Compton anisotropy. This may explain the orbital phase of φ b /2π = 0.90-0.91 of the flare observed by the MAGIC telescope in the ≃0.2-1 TeV energy range on MJD 54002. 928-982 (Albert et al. 2007 ). The MAGIC spectrum is shown in Fig. 14 together with the simultaneous hard X-ray spectrum from INTEGRAL, which revealed an increase by a factor of ∼ 3 with respect to the average hard-state spectrum (Malzac et al. 2008) . Using the formalism of Paper I, the optical depth for the 0.5 TeV photons is τ γγ < 1 at z > ∼ 1.3a. In other words, in the framework of the jet model considered in this work a large fraction of the BBC flux is emitted at those heights, which avoids strong pair absorption.
Unfortunately, the available broad-band data at the time of the MAGIC flare are rather sparse, and do not allow for a unique determination of the model parameters. In particular, there was no radio or GeV monitoring around this event. Observations simultaneous with MAGIC are available only in the X-ray band, see the Swift-BAT and RXTE-ASM data in Albert et al. (2007) , and INTE-GRAL data in Malzac et al. (2008) . However, since production of X-rays is strongly dominated by the accretion flow, those data do not provide spectral constraints on the models of the TeV flare production in a jet. Still, the found coincidence of the TeV flare with the observed increase of the X-ray activity strongly suggests that the TeV flare resulted from a temporary change of the conditions at the jet base. Since the duration of the flare, ∼ 5000s, is longer than the observer-frame time of propagation of the flow over the region where most of BBC radiation is produced, z ∼ a, such an event can be approximated by a steady-state model.
We thus consider two simple scenarios, representing modifications of the soft and hard injection models. In the first one, we temporarily increase the electron injection rate. In the second scenario, we assume that some unspecified process (possibly magnetic reconnection) decreases temporarily the jet magnetic energy flux, and increases the amplitude of the electron distribution; this results in a temporarily increased rate of the Compton scattering. In both cases we keep all other parameters fixed as before. Naturally, more than one parameter could have changed in reality, including, e.g., η acc in addition to Q(γ) and B. The considered scenarios are therefore only the two examples analysed to investigate if the developed jet model can account for the TeV flare of Cyg X-1.
In our soft-injection model 1, which we now consider as the underlying steady state during which the TeV flare happened, the magnetic field is sufficiently low for the energy losses at the values of γ and z high enough to give rise to the TeV emission to be completely dominated by the adiabatic and BBC processes. Thus, there will be a unique shape of the high-energy BBC spectrum, dependent only on the form of the acceleration function, Q(γ). The γ-ray flux of that spectrum is then ∝ Q(γ), and independent of the model magnetic field. Thus, this scenario requires a temporary increase of the acceleration rate in order to explain the flare. Below we illustrate this case assuming an increase of the injection normalization, Q 0 , but note that increase could involve only the high-energy segment of the electron distribution (at γ > ∼ 10 5 ), which is responsible for the production of the ≥ 0.2 TeV photons.
In the local approximation, the steady-state electron distribution is thus given by equation (3) withγ ≃γ ad +γ BBC . Then, equations (70), (74) of Paper I give us the emitted BBC spectrum at the orbital phase of the flare, which then is subject to pair absorption. The resulting spectrum for Q 0 increased by a factor of 100 at the orbital phase of φ b /2π = 0.9 is shown in Fig. 13 . We see it reproduces well the MAGIC data. We also show the flux of the hard-state flare reported at a different time by AGILE (Sabatini et al. 2010) . We see that our model reproduces that data as well. A caveat for this scenario is the required high amplitude of the increase of the acceleration rate.
On the other hand, the increase of the γ-ray flux due to a reduction of B can happen in models in which cooling of electrons with γ ∼ 10 5 , which are responsible for the BBC emission at > ∼ 0.2 TeV, is dominated by the synchrotron process. This is the case for our models 2 and 2m. Fig. 14 shows a modified model 2 (at φ b /2π = 0.9) reproducing the MAGIC flare spectrum. Here the magnetic field is reduced by a factor of several, down to B 0 = 9×10 4 G, whereas all the other parameters remain unchanged. There is a slight increase of the total power due to the increase of γ M related to the reduction of B (see equation 6 in Paper 1). The radio/IR flux has decreased by a factor of several. The flux at > 0.2 TeV is almost completely due to the emission produced at z > ∼ a. Therefore, the effect of pair absorption is moderate, reducing the flux at > 0.2 TeV by at most ∼ 30 per cent. The simultaneous INTEGRAL/MAGIC X-ray-to-γ-ray spectrum of Cyg X-1 (Malzac et al. 2008; Albert et al. 2007;  shown by crosses at ≥ 10 keV) together with the average hard-state radio/IR spectrum. The solid curves illustrate the hard-injection (pair-absorbed) model for the MAGIC flare (associated with a decrease of B) described in Section 3.4. The meaning of other symbols is the same as Fig. 1 except for the cyan dotted curve showing now the e-folded power-law fit of Malzac et al. (2008) to the INTEGRAL spectrum.
We check then whether the decrease of B could be possibly due to a reconnection event give the timescales involved. The Alfvén speed equals v A = c(1 + 1/σ eq ) −1/2 , which is ≃ c for model 2. Thus, the Alfvén time scale, z tan Θ j /v A , is very short throughout the jet, e.g., ≃ 5 s at z = a. Also, the cooling time of γ > ∼ 10 5 electrons (responsible for upscattering of stellar blackbody photons to TeV energies) is < ∼ 15 s at z = a. Both times scales are therefore shorter than the dynamic time at this height, which is ≃ 150 s, and much shorter than the duration of the MAGIC flare of ≃ 5000 s. The dynamical time scale is instead compatible(in both models) with the observed TeV flux rise after the first half of the observation (during which no TeV signal was detected; Albert et al. 2007 ).
DISCUSSION
In the framework of our model, the electron energy losses are compensated by a continuous injection of freshly accelerated particles along the outflow, with the assumed constant rate per unit γ and unit ln z. Then, there is an issue of a source of the energy injected in the jet through the particle acceleration process. One possibility is the energy associated with colliding shells at different bulk Lorentz factors, Γ i (where the index i numbers the shells) in the internal shock model (Jamil, Fender & Kaiser 2010; Malzac 2013) . In this case, electrons are likely accelerated via the diffuse 1st-order Fermi process operating at shock fronts. Another possibility is the magnetic energy source, in which case electrons may be accelerated directly via magnetic reconnection and reconnection-driven turbulence.
In the first scenario, our assumed jet bulk Lorentz factor, Γ j , should be interpreted as the average of the shell Lorentz factors, Γ i . The available energy is, on the other hand, related to the Lorentz factor dispersion, ∆Γ i . Assuming ∆Γ i ∼ Γ i (which is likely but not strictly required), the available power is comparable to that of the jet kinetic luminosity P i , which requires P i > ∼ P inj in order to account for the observed emission and associated adiabatic losses. Table 1 gives the values of P i corresponding to cold ions associated with relativistic electrons. Since ions may be not cold in the jet rest frame, and since there are likely to be more ions than that implied by the number density of relativistic electrons, the values provided represent lower limits only. In the model 1, the above condition is always satisfied, and thus electrons can be readily accelerated in shocks. In the other models, the given lower limits on the ion power are < P inj , and thus a large number of additional ions is required for the shock model to be considered as plausible. Such higher values of P i would also be consistent with the estimates of the jet kinetic power of Gallo et al. (2005) and Russell et al. (2007) .
On the other hand, for the models 2 and 2m we obtain P B > P inj , and thus the reconnection-driven electron acceleration is plausible in those models. We also note that all of the components of the jet power for our models (see Table 1 ) are significantly below the luminosity of the accretion flow in the hard state. Thus, the jet can be powered by accretion in all the considered cases.
A related diagnostic is the value of the magnetization parameter, σ eq . In order to enable a shock formation in general, σ eq ≪ 1 is required, and this condition is satisfied in models 1 and 1m. On the other hand, σ eq ≫ 1 is required for the efficient magnetic reconnection, which is satisfied in models 2 and 2m. Table 1 also gives the total (integrated over the jet volume) rate of injection of relativistic electrons, R inj , and the lower limit on the flux of the electrons through the jet, R e (see Paper I). This lower limit corresponds to the relativistic electrons only, whereas there can be 'cold' electrons as well. If R inj exceeds the actual value of R e , electrons need to be accelerated more than once. Although R inj > R e is the case for all the models considered, the two numbers are close to each other. Thus, only a moderate number of 'cold' electrons suffice for acceleration being a single event for an individual electron.
The average broad-band spectrum of Cyg X-1 in the hard state studied by us (see Fig. 1 ) includes the IR measurement of the synchrotron turnover, E t0 , from Rahoui et al. (2011) . We see that the total IR flux (dominated by the stellar blackbody and the wind emission) in the energy range fitted by Rahoui et al. (2011) is much larger than their claimed jet component. Also, Rahoui et al. (2011) used a broken power law in their fits whereas theoretical considerations points to a rather gradual curvature (e.g., Hjellming & Johnston 1988; Zdziarski et al. 2012) , as supported by a number of observational findings (Russell et al. 2013 ). Indeed, Russell et al. (2013) point out the uncertainty of related spectral break measurement. Our results depend relatively little on the actual value of E t0 , which should be located around IR/optical frequencies (see Russell et al. 2013) . Furthermore, there is a possible IR contribution from synchrotron emission of hybrid (thermal+non-thermal) plasma in the accretion flow (Veledina et al. 2011 (Veledina et al. , 2013 .
Another uncertainty is the origin of the MeV tail, which can be either from the jet or the accretion flow. As discussed in Section 1, at the moment there is no compelling statistical evidence for the former possibility. Therefore, we have discussed the jet models which may account for the observed MeV tail (models 2 and 2a), along with the models which are characterized by negligible MeV fluxes (models 1 and 1m).
We also point out the fact that the observed synchrotron emission below the turnover frequency is contributed by both opticallythick and optically-thin regions (e.g., Hjellming & Johnston 1988) . Given the slopes of this emission with the height (see Fig. 6 ), most of that emission is from optically-thin regions. This invalidates the polarization model of Cyg X-1 of Russell & Shahbaz (2014) , who assumed that the radio emission of Cyg X-1 originates entirely in synchrotron self-absorbed medium. Since the maximum polarization degree in the optically-thick regime is much lower than that of optically-thin synchrotron emission (Pacholczyk & Swihart 1967) . Russell & Shahbaz concluded that this is exactly the reason for a very low linear polarization of the source at 5 GHz (with the derived upper limit <≃ 8 per cent; Stirling et al. 2001) . This, in turn, allowed their model polarization of the fully optically-thin synchrotron emission to be high (almost 100 per cent, see fig. 1 therein). However, since the 5 GHz emission originates mostly from optically-thin parts of the jet, as shown in Fig. 6 , the low upper limit on its polarization implies that the optically-thin synchrotron emission is also weakly polarized, with a similar upper limit on the polarization as that measured at 5 GHz.
These considerations allow, in fact, to rule out our models 2 and 2m as a viable explanation of the very high MeV polarization in Cyg X-1 recently claimed by Laurent et al. (2011) and Jourdain et al. (2012) . In those models, the bulk of the observed MeV emission originates from the ξ > ∼ 10 3 regions (see Fig. 8 ), where the 5 GHz emission is optically thin, and at most weakly polarized. If the MeV polarization is therefore real, more complex jet emission models are required. In this context, the operation of the Soft Gamma-ray Detector on board the ASTRO-H satellite (Takahashi et al. 2012) , enabling hard X-ray polarimetry of bright celestial sources, is much anticipated.
Our vertical profiles of radio emission, Fig. 6 , can be tested against jet radio maps of Cyg X-1. Stirling et al. (2001) found that ∼ 1/3 − 1/2 of the emission at 8.4 GHz is unresolved, with the resolution of 3 mas, corresponding to ≃ 50 a in the system of parameters adopted here. Thus, our model 1 is characterized by a deficit radio emission above 50 a, what may suggest an additional source of the energy dissipation at large radii. On the other hand, model 2 appears approximately consistent with the radio observations.
We have found that the BBC component (i.e., scattering of stellar blackbody photons) strongly dominates over the SSC and XC ones in high-energy γ-rays. This predicts a relative weakness of high-energy γ-ray emission from low-mass X-ray binaries. So far, this appears to be confirmed by the lack of a detection of any such binary in the GeV range.
CONCLUSIONS
In this paper, we have applied the jet model developed in Paper I to the average broad-band spectrum of Cyg X-1 in the hard state. We take into account the new measurements and upper limits in the 30 MeV-300 GeV range by Fermi-LAT of MZC13. We have found that in γ-rays, the Compton scattering of blackbody photons dominates over the SSC process, and that the resulting evaluated jet emission accounts well for the observed LAT spectrum of the source.
In the context of the recent controversial claim of a strong polarization of Cyg X-1 at MeV photon energies, we have considered two different variants of the developed jet model. In one, the observed MeV tail is assumed to originate in the accretion flow, so that its polarization has to be spurious. This model returns 'standard' parameters including soft injection index of the radiating electrons, p > ∼ 2, and the jet magnetic field at the equipartition level. In the other model, the MeV tail is accounted for by the jet synchrotron emission, so that its strong (maximum) polarization is not, in principle, implausible. We find that in this case the Fermi-LAT measurements impose very tight constraints on the jet magnetic field, which has to be much above the equipartition level in order to avoid an overproduction of GeV-energy γ-rays. Also, the electron injection index has to be hard, p ∼ 1.5. Importantly, however, the bulk of the MeV jet synchrotron emission turns out to originate in the same regions as the jet radio emission. The strong observational upper limit on the radio linear polarization ( < ∼ 8 per cent) rules therefore out any strong MeV polarization (contrary to the claim of Russell & Shahbaz 2014) .
We have also modelled the TeV flare of Cyg X-1 observed by MAGIC (Albert et al. 2007 ). We have speculated that it could have been due to a magnetic reconnection event temporarily decreasing the jet magnetic field, but only assuming hard electron injection. Alternatively, it could have been due to a temporary increase of the acceleration rate by a factor of, at least, ∼ 10 2 , around γ > ∼ 10 5 , in models with soft electron injection.
Finally, in Appendix A, we have derived equations describing the electron distribution in jet regions above the dissipation region, where the distribution is governed solely by the advection and radiative losses. These equations allow for a very simple treatment of jet models with acceleration taking place only close to the jet base (Kaiser 2006; Pe'er & Casella 2009) , in which case advection is of a crucial effect at higher heights. This provides an important extension to the results of Paper I.
